
CPT Pharmacometrics Syst Pharmacol. 2023;12:1093–1106.     | 1093www.psp-journal.com

Received: 22 December 2022 | Revised: 13 April 2023 | Accepted: 18 April 2023

DOI: 10.1002/psp4.12977  

A R T I C L E

Physiologically- based pharmacokinetic pharmacodynamic 
parent- metabolite model of edoxaban to predict drug– drug- 
disease interactions: M4 contribution

Ruijuan Xu1,2 |   Wenyuan Liu1,3 |   Weihong Ge1,3 |   Hua He4 |   Qing Jiang2

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. CPT: Pharmacometrics & Systems Pharmacology published by Wiley Periodicals LLC on behalf of American Society for Clinical Pharmacology and 
Therapeutics.

1Department of Pharmacy, Nanjing 
Drum Tower Hospital, Affiliated 
Hospital of Medical School, Nanjing 
University, Nanjing, China
2Division of Sports Medicine and Adult 
Reconstructive Surgery, Department 
of Orthopedic Surgery, Nanjing Drum 
Tower Hospital, Affiliated Hospital of 
Medical School, Nanjing University, 
Nanjing, China
3Department of Pharmacy, Nanjing 
Drum Tower Hospital Clinical College 
of Nanjing University of Chinese 
Medicine, Nanjing, China
4Center of Drug Metabolism 
and Pharmacokinetics, China 
Pharmaceutical University, Nanjing, 
China

Correspondence
Qing Jiang, Division of Sports Medicine 
and Adult Reconstructive Surgery, 
Department of Orthopedic Surgery, 
Nanjing Drum Tower Hospital, 
Affiliated Hospital of Medical School, 
Nanjing University, Nanjing 210008, 
China.
Email: qingj@nju.edu.cn

Hua He, Center of Drug Metabolism 
and Pharmacokinetics, China 
Pharmaceutical University, Nanjing 
210009, China.
Email: huahe_cpupk@cpu.edu.cn

Abstract
This study aimed to develop a physiologically- based pharmacokinetic pharma-
codynamic (PBPK/PD) parent- metabolite model of edoxaban, an oral anticoagu-
lant with a narrow therapeutic index, and to predict pharmacokinetic (PK)/PD 
profiles and potential drug– drug- disease interactions (DDDIs) in patients with 
renal impairment. A whole- body PBPK model with a linear additive PD model of 
edoxaban and its active metabolite M4 was developed and validated in SimCYP 
for healthy adults with or without interacting drugs. The model was extrapolated 
to situations including renal impairment and drug- drug interactions (DDIs). 
Observed PK and PD data in adults were compared with predicted data. The ef-
fect of several model parameters on the PK/PD response of edoxaban and M4 
was investigated in sensitivity analysis. The PBPK/PD model successfully pre-
dicted PK profiles of edoxaban and M4 as well as anticoagulation PD responses 
with or without the influence of interacting drugs. For patients with renal impair-
ment, the PBPK model successfully predicted the fold change in each impair-
ment group. Inhibitory DDI and renal impairment had a synergistic effect on the 
increased exposure of edoxaban and M4, and their downstream anticoagulation 
PD effect. Sensitivity analysis and DDDI simulation show that renal clearance, 
intestinal P- glycoprotein activity, and hepatic OATP1B1 activity are the major 
factors affecting edoxaban- M4 PK profiles and PD responses. Anticoagulation ef-
fect induced by M4 cannot be ignored when OATP1B1 is inhibited or downregu-
lated. Our study provides a reasonable approach to adjust the dose of edoxaban 
in several complicated scenarios especially when M4 cannot be ignored due to 
decreased OATP1B1 activity.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
A physiologically- based pharmacokinetic (PBPK) model of edoxaban has been 
previously developed and applied for the prediction of its pharmacokinetic (PK) 
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INTRODUCTION

Edoxaban, a direct factor Xa inhibitor, is the latest of the 
direct- acting oral anticoagulants (DOACs) with a nar-
row therapeutic index. Edoxaban given at a dose of 30 or 
60 mg once daily was approved for the stroke and systemic 
embolism prevention in patients with nonvalvular atrial 
fibrillation and the treatment and secondary prevention 
of venous thromboembolism.1 Although compared with 
warfarin, edoxaban has a rapid onset and offset of action, 
few drug and food interactions, and predictable phar-
macokinetics (PKs) with no need of routine monitoring 
of anticoagulation activity. Analysis of clinical PK/phar-
macodynamic (PK/PD) studies implies the need for dose 
adjustment in patients with impaired renal function or 
under the influence of drug– drug interactions (DDIs).2,3

Edoxaban is rapidly absorbed after oral administration 
with a time to peak plasma concentration of 1– 2 h and 
an absolute oral bioavailability of 61.8%. Its absorption 
is not affected by food.3 Approximately 50% of edoxaban 
is excreted by the kidneys and the remaining 50% via the 
hepatobiliary system. Edoxaban is metabolized in the liver 
by carboxylesterase 1 (CES1; major) and cytochrome P450 
3A4 (CYP3A4; minor). In healthy subjects, the major me-
tabolite M4, formed by CES1, is present in plasma at less 
than 10% of the total edoxaban exposure.4,5 Previous in 
vitro studies confirmed that edoxaban is a substrate of in-
testinal P- glycoprotein (P- gp), whereas M4 is a substrate 
of hepatic organic anion transporting polypeptide 1B1 
(OATP1B1).6,7 Different from other members of DOACs 

(e.g., rivaroxaban and apixaban), edoxaban's major me-
tabolite M4 is biologically active. The half- maximal inhib-
itory concentration (IC50) on factor Xa is 3 and 1.8 nmol/L 
for edoxaban and M4, respectively.4 Although M4 is gen-
erally not expected to contribute to the pharmacological 
effects of edoxaban due to its low abundance and high 
protein binding, in cases such as severe renal dysfunction 
and DDIs,8,9 plasma exposure of M4 as well as the ratio of 
M4 to edoxaban is significantly elevated and the anticoag-
ulation effect of M4 might not be ignored.

Edoxaban is generally well- tolerated; however, accu-
mulative evidence also suggested that DDIs and renal 
impairment could significantly increase edoxaban expo-
sure and subsequently lead to severe adverse events, such 
as major bleeding.10,11 Although the approved edoxaban 
label recommended reduction to half the approved dose 
in the above situations, it is still challenging to reasonably 
adjust the dose under the circumstances when DDIs and 
renal impairment co- exist, especially if anticoagulation ef-
fect of M4 needs to be considered.

The physiologically- based pharmacokinetic (PBPK) 
model can be used to predict potential DDIs and parent- 
metabolite PK profiles in special populations especially 
when several complicated scenarios co- exist, which made 
drug dosing more challenging.12 Several in vitro in vivo 
extrapolation approaches have been proposed to predict 
the in vivo drug metabolism and transport and DDIs using 
data from the in vitro systems,13 such as pooled human 
liver microsomes,14 P- gp/OATP overexpressing cell lines, 
and caco- 2 cell monolayers.6 With the advancement of 

properties. However, the pharmacodynamic (PD) effect of its active metabolites 
and drug– drug- disease interactions (DDDIs) were not implemented in the model.
WHAT QUESTION DID THIS STUDY ADDRESS?
A PBPK parent- metabolite model with a linear additive PD model was developed 
for predicting edoxaban and its active metabolite M4 anticoagulation responses 
in DDDIs. Factors affecting PK/PD responses were further investigated by sensi-
tivity analysis.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Inhibitory drug- drug interactions and renal impairment had a synergistic ef-
fect on the increased exposure of edoxaban and M4, and their anticoagulation 
effect. Renal clearance, intestinal P- glycoprotein, and hepatic OATP1B1 are the 
major factors affecting the anticoagulation effect of edoxaban. Despite of a very 
low abundance generally, M4 cannot be ignored when OATP1B1 is inhibited or 
downregulated.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
This PBPK/PD model could be applied for dose adjustment of edoxaban in 
complicated scenarios especially when M4 cannot be ignored due to decreased 
OATP1B1 activity.
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these methods, prediction of parent- metabolite PKs, 
DDIs, and other complicated scenarios using mechanism- 
based PBPK modeling was made much more feasible and 
accurate.

Prediction of the PD profiles of edoxaban considering 
its active metabolite M4 in special clinical scenarios using 
PBPK/PD modeling was not reported previously, to the 
best of our knowledge. The present study aimed to de-
velop a PBPK/PD parent- metabolite model for edoxaban, 
and investigate the impact of renal impairment and DDIs 
on edoxaban- M4 PKs and the downstream anticoagula-
tion effect. The whole- body PBPK/PD model for healthy 
subjects was first established in SimCYP and extrapolated 
to renal impairment and DDI situations. Sensitivity anal-
ysis was further conducted to investigate the primary fac-
tors affecting the PKs and PDs of edoxaban. Finally, the 
contribution of M4 to the PD response of edoxaban in spe-
cial scenarios can be estimated.

METHODS

PBPK model development

The SimCYP (version 21; SimCYP Limited) population- 
based absorption, distribution, metabolism, and excre-
tion (ADME) simulator platform was used to develop the 
PBPK models for edoxaban and M4 and run the subse-
quent simulations. The PBPK model was first developed 
by using drug- dependent and population- dependent 
parameters, followed by verification through the com-
parison of the predicted exposures and the observed data 
from healthy subjects after intravenous and oral admin-
istrations. The validated model was used to predict ex-
posure of edoxaban and M4 under the influence of renal 
impairment and DDIs. Each scenario was simulated 
with 10 trials containing 10 subjects (10 × 10) randomly 
selected by the simulator. Interindividual variabilities of 
model parameters were incorporated in this PBPK model 
using the SimCYP simulator default values and the pro-
portion of female subjects was controlled to match the 
observed data. All simulations after oral administrations 
were performed under fast conditions as the way PK 
studies were conducted.

PBPK modeling in healthy subjects

The mechanistic PBPK model was first constructed to 
describe the PK profiles of edoxaban in healthy subjects 
using the default SimCYP virtual Sim- Healthy Population 
(Sim- Chinese Healthy Volunteers was chosen for simu-
lation in the Chinese population). The model was built 

based on physicochemical properties, in vitro experi-
ments, and the clinical PK parameters of edoxaban ob-
tained from literature and in silico prediction (Table  1). 
The oral absorption of edoxaban was modeled mechanis-
tically using the Advanced Dissolution, Absorption and 
Metabolism model in SimCYP, which divides the gastro-
intestinal tract into nine heterogeneous compartments 
considering several physiological factors, such as size, 
gut wall permeation, transit time, and transporter (P- gp) 
efflux of edoxaban.15 The effective permeability (Peff,man) 
was estimated using data obtained from an in vitro per-
meability study in Caco- 2 cells.6 P- gp kinetic parameters 
maximal rate of metabolism and kinetic metabolite were 
calculated using the three- compartment model16 by fitting 
Caco- 2 data.6

The distribution of edoxaban in the body was described 
with a full PBPK model. The tissue- plasma partition (kp) 
coefficients were predicted using the Poulin and Theil 
method (Method 1 in SimCYP). The kp scalar parameter 
was set to 1 as the default value. The fraction of unbound 
drug in plasma (fu) was 0.45. The intrinsic hepatic met-
abolic clearance was divided into two parts, clearance 
through CES1 (CLint,CES1) to form M4 and clearance 
through CYP3A4 (CLint,CYP3A4). CLint,CES1 was assumed 
to be two times of CLint,CYP3A4 according to mass balance 
study.5 Because the involvement of biliary excretion of 
edoxaban was calculated to be 10% (the calculation was 
based on 49.1% − [100% − 61.8%]) = 10.9%, where 49% rep-
resents the amount of drug in feces, and [100% − 61.8%] 
represents the amount of drug not absorbed and directly 
excreted in feces)17 and about 10% of the total dose was 
metabolized in the liver,4,5 we assumed that the hepatic 
biliary clearance was the same as the metabolic clearance. 
Renal clearance of edoxaban was based on the results of 
a single intravenous infusion dose of 30 mg edoxaban in a 
clinical study.18

The disposition characteristics of M4 were integrated 
into the above developed PBPK model. The formation 
of M4 was described as mediated by CES1. Table  1 also 
presents the physicochemical, biopharmaceutical, and PK 
parameters of M4 obtained from literature and in silico 
prediction. A full PBPK distribution was modeled for M4; 
volume of distribution at steady state and kp coefficients 
were predicted using the Rodgers and Rowland method 
(Method 2 in SimCYP) and fu was 0.2. The elimination 
properties of M4 were not well- studied. Clearance of 
hepatic passive diffusion and active uptake mediated by 
OATP1B1 were calculated from in vitro studies and the 
in vitro- in vivo scaling factor of OATP1B1 clearance was 
set to be 22 according to previous reports.19 Mass balance 
studies indicated that M4 can be detected in both feces and 
urine,5 therefore we assumed that M4 was further elim-
inated by biliary and renal pathway. The renal clearance 



1096 |   XU et al.

T A B L E  1  Parameter- values used for PBPK/PD models of edoxaban and M4 in SimCYP.

Parameter Edoxaban M4

Physiochemical and blood binding

Molecular weight (g/mol) 548.6 (DrugBank) 521.0

logP 1.61 (DrugBank) 1.68 (ACD)

Compound type Monoprotic base Monoprotic acid

pKa 6.7 (DrugBank) 4.09 (ACD)

Blood- to- plasma ratio 0.9617 0.96 (assumed to be the same as edoxaban)

fu 0.45 (Drug label) 0.24

Absorption model ADAM

fu, gut predicted 0.24

Peff,man type Regional

P Caco- 2 (10−6 cm/s) 10.36

Input form Solid formulation

Formulation Immediate release (IR)

Total solubility in segment (mg/mL)

Stomach 4.4017

Duodenum 1.8017

Jejunum 0.5417

Ileum 0.1417

Colon 0.617

Distribution model Full PBPK model Full PBPK model

Vss input type Predicted using Method 1 Predicted using Method 2

Vss predicted (L/kg) 1.04 0.16

Tissue to plasma partition coefficients

Adipose 1.30 0.06

Skin 1.08 0.35

Gut 1.47 0.22

Liver 1.30 Permeability limited

Lungs 0.68 0.28

Heart 0.84 0.22

Kidneys 1.02 0.20

Spleen 1.03 0.17

Muscle 1.01 0.10

Bone 1.64 0.13

Brain 1.78 0.11

Elimination

CYP3A4 CLint (μL/min/mg protein) 1.1 (See text)

CES1 CLint (μL/min/mg protein) 2.2, forms metabolite M4

Biliary CLint (μL/min/106) 1.1 (See text) 0.4 (Optimized)

Renal clearance (L/h) 10.718 1 (Optimized)

Transporter kinetics

Intestines

P- gp

Jmax (pmol/min) 108 (See text)
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(CLR,M4) and biliary clearance of M4 (CLB,M4) were opti-
mized by fitting the observed PK profiles of M4 after p.o. 
administration of 60 mg edoxaban.

Scaling to the renal impairment

The physiological properties related to renal impairment 
were described using the SimCYP population library 
files Sim- Renal Impaired_Mild, Sim- Renal Impaired_
Moderate, and Sim- Renal Impaired_Severe for mild, 
moderate, and severe renal impairment, respectively. No 
modifications were made to these model files. According 
to the latest review about the effect of chronic kidney dis-
ease (CKD) on OATPs activity, expression and activity of 
hepatic OATPs were decreased at least 20% in CKD rats, 
and clearance of OATP substrates was also decreased as 
kidney function declines in clinical trials. Thus, the scal-
ing factor of OATP1B1 clearance was set to be 0.7, 0.6, and 
0.5 for mild, moderate, and severe renal impairment, re-
spectively, based on the median values of ratios of clear-
ance with and without CKD for OATP substrates observed 
in the clinic.20– 23 Therefore, the effect of renal impairment 
on hepatic OATP1B1 clearance was integrated in the 

model for M4 prediction. The model was also validated in 
renal impairment patients using observed data.24

DDI models

The PKs of ketoconazole, erythromycin, verapamil, quini-
dine, cyclosporine (with cyclosporine metabolite AM1), and 
rifampicin after oral administration were described using the 
SimCYP compound library files Sim- ketoconazole- 400 mg 
q.d., Sim- Erythromycin, SV- Verapamil, Sim- Quinidine, 
SV- cyclosporine_Neoral (Wsp- Cyclosporine_AM1), and 
Sim- rifampicin- MD, respectively. Ketoconazole, erythro-
mycin, and quinidine are potent inhibitors of CYP3A4/P- gp. 
Verapamil is a potent inhibitor of P- gp. Cyclosporine is a 
strong inhibitor for multiple transporters, including P- gp and 
OATP1B1; its metabolite AM1 can also significantly inhibit 
OATP1B1. Rifampicin is a potent inducer of CYP3A4/P- gp/
OATP1B1/CES1 as well as an inhibitor of OATP1B1.8,25 
No modification was made to these model files, except for 
the inhibition constant (Ki) values of transporters listed in 
Table 1. The Ki value of ketoconazole for P- gp inhibition and 
that of cyclosporine for OATP1B1 inhibition were based on 
previous reports.26– 29 The Ki value of erythromycin for P- gp 

Distribution model Full PBPK model Full PBPK model

Km (μM) 9.1 (See text)

Ki value of ketoconazole (μM) 0.1729

Ki value of erythromycin (μM) 1.1 (Optimized)

Indmax value of rifampicin 4.0130

IndC50 value of rifampicin (μM) 0.063930

Liver

CLPD (mL/min/106 cells) 0.001 (See text)

OATP1B1

CLint,T (μL/min/106 cells) 4.6 (See text)

Scaling factor 2219

Ki value of cyclosporine (μM) 0.01434

Indmax value of rifampicin 2.2331

IndC50 value of rifampicin (μM) 0.063931

Pharmacodynamic

PD input type Free concentration Free concentration

PK/PD input compartment Plasma Plasma

Effect model Linear Linear

Slope for PT 20 33

Slope for aPTT 56 93

Baseline model Additive Additive

Abbreviations: ADAM, Advanced Dissolution, Absorption and Metabolism; CLint, intrinsic clearance; fu, fraction of unbound drug in plasma; Indmax, maximal 
fold induction; Jmax, maximal flux value; Ki, inhibition constant; Km, kinetic metabolite; PBPK, physiologically- based pharmacokinetic; PD, pharmacodynamic; 
Peff, effective permeability; PK, pharmacokinetic; Vss, volume of distribution at steady state.

T A B L E  1  (Continued)
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inhibition was optimized by clinical DDI data, as shown in 
Table S3. The induction of rifampicin on intestinal P- gp and 
hepatic OATP1B1 was described using the maximum effect 
model, as previously reported.30,31 The induction param-
eters in SimCYP including Indmax and IndC50 are listed in 
Table 1. The induction profile of rifampicin on hepatic CES1 
was not well- quantified: previous studies only reported a 
moderate induction of human CES- 1 gene expression in 
human hepatocytes by rifampicin at 10 micromolar25,32; 
therefore a conservative assumption of 1.5- fold induction of 
hepatic CES1 activity was introduced when co- administered 
with multiple doses of rifampicin.

Pharmacokinetic pharmacodynamic 
model development

Exposure- response analysis of edoxaban concentration 
versus PT and aPTT suggested linear relationship of edoxa-
ban concentration against these PD measurements.33 In 
the present study, PT and aPTT were selected as the PD 
markers and the effect of edoxaban and its M4 metabolite 
on both terms were modeled using a linear additive model 
(Equation 1). The response of the drug was calculated as 
the difference between the levels of PD markers after drug 
administration and those at the baseline (Equation 2).

where E0 is the baseline of the PD marker before edoxaban 
administration. Eedo and EM4 are the anticoagulant effect of 
edoxaban and M4, respectively. Slopeedo and SlopeM4 repre-
sent the anticoagulant activity of edoxaban and M4, respec-
tively. Cu is the plasma free concentration which is used to 
link PKs and PDs. The relative value of Slopeedo and SlopeM4 
was fixed the same as the ratio of IC50,edo to IC50,M4 accord-
ing to literature reports,4 and Slopeedo and SlopeM4 values 
were further estimated using previous clinical data.33 All PD 
model parameters are listed in Table 1.

Data source

PK data for edoxaban and its metabolite M4 in healthy sub-
jects and patients with renal impairment after single drug 
administration or combined with DDI drugs were collected 
from literature reports. These data were used to support the 
development and qualification of the PBPK model. Reports 
were selected based on the following criteria: (i) edoxaban 
was orally or intravenously administered in single dose or 

multiple doses; and (ii) plasma concentration- time profiles 
and/or PK parameters are available in the reports.

Analysis of model predictability

The compatibility between the observed mean values de-
termined from clinical trials and the predicted values cal-
culated from the model and their 95% confidence interval 
(CI) ranges was examined. The observed data were digitized 
from the literature using the Plot Digitizer software. The 
accuracy of the prediction was graphically evaluated by ex-
amining whether the observed mean value fell within the 
95% CI of the predicted value. In addition, the ratio of the 
predicted mean of PK parameters to the observed one was 
also compared. Predicted PK parameters (area under the 
curve [AUC] and maximum plasma concentration [Cmax]) 
and PD parameter (AUC of response [AUCR]) were calcu-
lated from the simulated plasma concentration- time profiles 
and response- time profiles by noncompartmental analysis. 
AUC was calculated using the linear trapezoidal rule, with 
extrapolation to infinity. Cmax was obtained directly from 
the plasma concentration- time profiles. The extent of DDI 
and renal impairment influence was assessed as the ratio 
of AUC, Cmax, or AUCR with or without DDI or renal im-
pairment. The predictions were considered successful if the 
ratio of predication to observation fell between 0.5 and 2.0.34

Sensitivity analysis

Sensitivity analysis was conducted in the SimCYP global 
sensitivity analysis module using the Morries method. 
The analyzed independent parameters are listed in 
Table 1, which might affect edoxaban and M4 absorption 
and elimination. Each independent parameter was varied 
from 1/5 to five times of the estimated value. The depend-
ent variables included both AUC and Cmax of edoxaban 
and M4, and the combined PD effect from edoxaban and 
M4, which is evaluated as AUC over a dosing interval.

RESULTS

Prediction of PK profiles of edoxaban and 
M4 in healthy adults

The established PBPK model was first used to simulate the 
concentration- time profiles in healthy subjects after both 
i.v. and p.o. doses of edoxaban at different dose levels. For 
i.v. dose simulation, healthy subjects were given 30 mg 
edoxaban. For oral dose simulation, healthy subjects in 
each dose group were given edoxaban at a single dose of 

(1)
E=E0+Eedo+EM4

=E0+Slopeedo×Cu,edo+SlopeM4×Cu,M4

(2)Response = E − E0 = Eedo + EM4
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10, 30, 60, 90, 120, and 150 mg or multiple doses of 60 mg 
for 4 days.4,33 As shown in Figure 1, the model described 
the observed PK profile of edoxaban and M4 well across 
the regimens investigated. The terminal elimination after 
a single dose and the accumulation after multiple doses 
can also be well predicted. These results indicate a reason-
able assumption of the absorption and elimination mech-
anism of edoxaban and M4.

Prediction of PK profiles of 
edoxaban and M4 combined with DDI 
drugs in healthy subjects and in patients 
with renal impairment

The mechanistic PBPK model was then applied to simu-
late the plasma concentration- time profiles of edoxaban 

with or without DDI drugs (ketoconazole, erythromy-
cin, cyclosporine, and rifampicin). For ketoconazole DDI 
prediction, healthy subjects received a single oral dose 
of 60 mg edoxaban on day 4. In addition, from days 1– 7, 
subjects received 400 mg once daily of ketoconazole. For 
erythromycin DDI prediction, healthy subjects received a 
single oral dose of 60 mg edoxaban on day 7, and, from days 
1– 8, subjects received 500 mg erythromycin four times a 
day. For cyclosporine DDI prediction, subjects were ad-
ministered a single oral dose of edoxaban 60 mg concomi-
tant with a single oral dose of cyclosporine 500 mg.8 For 
rifampicin DDI prediction, healthy subjects received a 
single oral dose of 60 mg edoxaban on day 7, and, from 
days 1– 7, subjects received 600 mg rifampicin once daily.25 
As shown in Figure 2, the model- predicted PK profiles of 
edoxaban and M4 were comparable with the observed 
data for both edoxaban alone and in combination with the 

F I G U R E  1  Prediction of the pharmacokinetic (PK) profiles for edoxaban and M4 at a series of doses in healthy subjects using 
physiologically- based PK modeling. Simulation (mean predictions in black lines and 5th– 95th percentiles of predictions in gray shade) of 
PK profiles was conducted for a single i.v. dose of 30 mg, a single oral dose of 10, 30, 60, 90, 120, and 150 mg and multiple oral doses of 60 mg 
edoxaban (log scale was on the right top in each dose panel).
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DDI drugs. Additionally, the effect of DDI drugs (ketocon-
azole, erythromycin, cyclosporine, rifampicin, quinidine, 
and verapamil) and renal impairment on fold changes of 
Cmax and AUC of edoxaban and M4 were predicted and all 
the predictions fell within 0.5– 2.0 folds of clinic observa-
tions, as shown in Table 2 and Table S1.8,24,25,35 Overall, 
the present model captures the impact of DDI drugs and 
renal impairment on the PK profiles of both edoxaban and 
its metabolite M4.

Prediction of the PD profiles in healthy 
subjects and patients

After the validation of the PK model, the PK/PD model 
was further applied to simulate the PD profiles when 
healthy subjects were orally administered a series of a 
single dose (30, 60, and 90 mg) of edoxaban33 as well as 
administered edoxaban with or without rifampicin.25 The 
model- predicted PT and aPTT were comparable with the 
observed data for both edoxaban alone and in combina-
tion with rifampicin (Figure 3).

DDI combined with renal impairment was further pre-
dicted, as shown in Table 2. The results showed that renal 

impairment combined with CYP3A4/P- gp inhibitors (ke-
toconazole and erythromycin) or P- gp/OATP inhibitor cyc-
losporine would have a synergistic effect on the increase of 
edoxaban and M4 exposure as well as the anticoagulation 
PD response. For renal impairment combined with keto-
conazole or erythromycin, the fold change of PD response 
was the same as the fold change of edoxaban or M4 expo-
sure, and the PD change combined with these drugs can 
be estimated by edoxaban monitoring. However, for renal 
impairment combined with cyclosporine, the fold change 
of PD response was much higher than that of edoxaban 
exposure due to the significant increase of M4 to edoxaban 
ratio. In this case, not only edoxaban but also M4 exposure 
should be considered to estimate the PD response.

Sensitivity analysis

Sensitivity analysis of the solubility of edoxaban in each 
gastrointestinal tract segment and ADME parameters of 
edoxaban and M4 on the PK and PD are shown in Figures 4 
and 5, respectively. The rank order of the effect of the ab-
sorption site solubility of edoxaban on AUC at higher dose 
was jejunum > duodenum > ileum > colon > stomach. The 

F I G U R E  2  Prediction of the drug– drug interaction (DDI) of edoxaban and M4. The line represents the prediction, the dot represents 
the observed value, and the shade represents the 5th– 95th percentiles of predictions with log scale on the right top in each dose panel (the 
observed pharmacokinetic profile data of M4 in erythromycin DDI scenario were missing in the cited original literature).
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rank order of the contribution of ADME factors to the 
AUC of edoxaban was CLR,edo > Jmax,P- gp,edo > CLint,CES,edo 
> other factors, and to the AUC of M4 was CLint,OATP1B1,M4 
> CLB,M4 > CLint,CES,edo > other factors. The identified rank 
order of ADME factors on PD effect is CLR,edo > Jmax,P- gp,ed

o > CLint,OATP1B1,M4 > other factors, which largely follows 
that of the parent drug edoxaban with the exception of 
CLint,OATP1B1,M4 having a stronger effect than CLint,CES,edo. 
This is not surprising considering the abundance of edoxa-
ban over M4.

DISCUSSION

Edoxaban is the latest approved oral direct factor Xa in-
hibitor for the treatment of venous thromboembolism. 
Edoxaban7,19 has a rapid absorption, a linear PKs, and a 
once daily dosing regimen. Its maximal plasma concentra-
tions are achieved at 1.5 h after oral administration, and 
has a half- life of 10– 14 h. CYP- mediated edoxaban metab-
olism is limited; therefore, a CYP- related DDI usually is 
not a concern for clinical use. However, edoxaban is a sub-
strate of P- glycoprotein, and increased edoxaban exposure 
was reported when edoxaban was co- administered with 
transporter inhibitors. Due to its good PK/PD properties, 
there are increasing needs of edoxaban used in circum-
stances such as DDIs and special populations.

The fact that both the parent drug and the metabolite 
M4 have anticoagulation activity is one of the major differ-
ences between edoxaban and other DOACs. Usually, M4 is 
present at less than 10% of the total edoxaban exposure 
and not expected to contribute significantly to the overall 
pharmacological activity of edoxaban, notwithstanding, 
this is actually not true. In comparison with subjects with 
normal renal function, the total exposure to M4 in cases 
of severe renal impairment and cyclosporine interaction 
were 4.3-  and 6.7- fold higher, whereas the fold change 
for edoxaban was only predicted to be 2.5-  and 1.6- fold 
higher, respectively. Therefore, knowledge of the exposure 
of edoxaban active metabolite is usually necessary for es-
timation of its overall pharmacology effect, especially in 
circumstances such as DDIs and special populations.

To our knowledge, this is the first study reporting a 
PBPK/PD model of edoxaban and its active metabolite 
M4, and the first model exploring the pharmacological ef-
fect of both edoxaban and M4 in complicated scenarios. 
Therefore, the model provides a useful quantitative tool 
with which to evaluate alternative dosing strategies under 
circumstances where the PKs of both edoxaban and M4 
are altered.

This study confirms some findings from previous 
PK studies and provides new insights. The present 
model can successfully predict the slightly less- than- 
dose- proportional dose- exposure relationship, which is 

T A B L E  2  Fold change of Edo and M4 exposure (AUC and Cmax) and PD response (AUCR) in adults with impaired renal function 
(±DDI) compared with normal renal function without DDI.

Renal impairment
Observed Cmax 
ratioa (Edo/M4)

Observed AUC 
ratioa (Edo/M4)

Predicted Cmax 
ratioa (Edo/M4)

Predicted AUC 
ratioa (Edo/M4)

Predicted 
AUCR ratioa

Normal NA/NA NA/NA 1/1 1/1 1

Normal + ketoconazole 1.9/1.6 1.9/1.5 1.7/1.7 1.7/1.7 1.7

Normal + erythromycin 1.6/1.7 1.8/1.7 1.7/1.7 1.7/1.7 1.7

Normal + cyclosporine 1.7/8.7 1.7/6.9 1.9/7.6 1.6/6.7 2.0

Mild 1.1/1.8 1.3/2.2 1.2/1.7 1.5/2.4 1.6

Mild + ketoconazole 1.8/2.6 2.5/3.4 2.6

Mild + erythromycin 2.0/2.5 2.5/3.0 2.6

Mild + cyclosporine 2.0/10.3 2.2/11.9 3.0

Moderate 1.2/2.7 1.8/3.7 1.2/2.1 1.9/3.4 2.1

Moderate + ketoconazole 2.0/3.6 2.8/5.8 2.8

Moderate + erythromycin 2.0/3.3 2.9/5.5 3.0

Moderate + cyclosporine 2.1/12.6 2.7/17.3 3.7

Severe 1.0/2.3 1.8/3.9 1.3/2.1 2.5/4.3 2.7

Severe + ketoconazole 2.2/3.5 4.2/6.9 4.4

Severe + erythromycin 2.2/3.4 4.4/6.0 4.7

Severe + cyclosporine 2.3/14.8 3.8/22.0 5.7

Abbreviations: AUC, area under the curve; AUCR, area under the curve ratio; Cmax, maximum plasma concentration; DDI, drug- drug interaction; Edo, 
edoxaban; NA, not analysis; PD, pharmacodynamic.
aThe ratio represents impaired renal function (±DDI)/normal renal function without DDI.
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consistent with previous reports.36 Further sensitivity 
analysis indicates that edoxaban solubility in jejunum is 
the major factor that results in the decrease of the bio-
availability at higher doses. The present model can also 
predict the DDI scenarios and renal impairment well 
across the regimens investigated. Although there are sub-
tle differences between the observed scenarios and the 
simulation settings for renal impairment, this would make 
a minimal influence on the accuracy of prediction. In the 

observed clinical study, renal impairment was categorized 
according to GFR values as greater than 80 (normal), 50– 
80 (mild), 30– 50 (moderate), and less than 30 with no end-
stage renal disease (severe) compared with greater than 
90 (normal), 60– 90 (mild), 30– 60 (moderate), and 15– 30 
(severe) in the SimCYP setting.

Contribution of P- gp and OATP to edoxaban/M4 PK/
PD properties cannot be estimated due to lack of experi-
mental data. As such, sensitivity analysis was conducted 

F I G U R E  3  Prediction of pharmacodynamic (PD) profiles for aPTT (a) and PT (b) in healthy subjects using pharmacokinetic PD 
modeling. Simulation (mean predictions in black lines and 5th– 95th percentiles of predictions in gray shade) of PD profiles was conducted 
for a series single oral dose of 30, 60, and 90 mg edoxaban or a single oral dose of 60 mg edoxaban with or without rifampicin. In the 
edoxaban + rifampicin group, 600 mg rifampicin was orally administered once daily for 7 days, and a single dose of edoxaban was combined 
administered on day 7.
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to investigate its impact. The results indicated that CLR 
and intestinal P- gp transport activity were the most im-
portant factors affecting edoxaban exposure; hepatic 
OATP1B1 was the most important factor affecting M4 ex-
posure. When considering the efficacy of both parent drug 
and metabolite, CLR of edoxaban, intestinal P- gp transport 
of edoxaban, hepatic CES metabolism of edoxaban, and 
hepatic OATP1B1 uptake of M4 were the most important 
factors affecting PD markers. Therefore, P- gp might be 
the major factor causing significant elevation of edoxaban 
plasma concentration when combined with CYP3A4/P- gp 
inhibitors, whereas OATP1B1 might be the key factor 
causing disproportional increase of M4 compared with 
parent drug in the cases of rifampin and cyclosporine 
DDIs. In addition, the anticoagulation effect of M4 cannot 
be ignored when OATP1B1 is inhibited or downregulated, 
especially combined with renal impairment.

According to the sensitivity analysis, renal impairment 
might significantly increase the edoxaban and M4 expo-
sure as well as the PD response. Generally, half the dose of 
edoxaban is recommended to be used in DDI scenarios or 
patients with renal impairment who have creatinine clear-
ance higher than 15 mL/min. However, when a DDI drug 

has to be dosed together with edoxaban to patients with 
renal impairment, PBPK simulation in the current analy-
sis shows that the exposure of both parent drug edoxaban 
and metabolite M4 would be significantly increased and 
further dose adjustment might be needed in this complex 
dosing situation. For non- OATP1B1 inhibitors combined 
with renal impairment, the dose adjustment could be es-
timated according to the exposure of edoxaban. However, 
for OATP1B1 inhibitors combined with renal impair-
ment, not only edoxaban but also metabolite M4 should 
be considered for the dosage estimation due to the dis-
proportional increase of M4 compared with parent drug. 
Although mainly supported by modeling and simulation, 
these results suggested the important role of metabolite 
M4 in the pharmacological effect of edoxaban in some 
special cases. Further study of these scenarios in clinical 
trials or collection of real- world data from clinical practice 
is warranted further to understand the extent of the im-
pact and improve rationalized dosing in patients.

In the present study, we developed the first PBPK/PD 
parent- metabolite model of edoxaban successfully de-
scribing PKs of edoxaban and its active metabolite M4 as 
well as the PDs after administration of edoxaban in several 

F I G U R E  4  Sensitivity analysis of the solubility in gastrointestinal tract segment (a: stomach; b: duodenum; c: jejunum; d: ileum; e: 
colon) on the area under the curve (AUC) over dose of edoxaban.
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scenarios, such as DDIs and renal impairment. CLR, in-
testinal P- gp activity, and hepatic OATP1B1 activity were 
the major factors affecting edoxaban and M4 PK and PD 
profiles. The simulated results indicated that the M4 effect 
might not be ignored in the cases in which OATP1B1 was 
inhibited or downregulated, which should be especially 
considered in clinical practice.
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